The 5-HT 1A and 5-HT 1B receptors for serotonin exhibit a different membrane localization to either soma and dendrites (5-HT 1A R) or axons and terminals (5-HT 1B R) of neurons in the CNS. The mechanisms responsible for their differential targeting were investigated previously by transfecting various 5-HT 1A R/5-HT 1B R chimeras in the epithelial Lilly pork kidney (LLC-PK1) cell line. This first study suggested that a specific targeting signal is located in the C-terminal portion (comprising the last two transmembrane and the cytoplasmic C-terminal domains) of the 5-HT 1A and/or 5-HT 1B receptors. In the present study, the role of the cytosolic C-terminal tail of the receptors was further investigated by transfecting truncated receptors and 5-HT 1A R/5-HT 1B R chimeras in both the epithelial LLC-PK1 cells and rat hippocampal neurons in primary culture. Confocal microscopic analysis of immunofluorescence with specific anti-5-HTR antibodies and anti-microtubule-associated protein 2 or anti-neurofilament 200k antibodies showed that substitution of the cytosolic C-terminal tail of the 5-HT 1B R in the 5-HT 1A R addressed the resulting chimera to the axon of neurons and to the apical domain of LLC-PK1 cells. Therefore, the short tail of the 5-HT 1B R presents an apical targeting signal that can also act as an axonal targeting signal. In addition, a domain within the third intracytoplasmic loop of the 5-HT 1B R, responsible for its Golgi sequestration in LLC-PK1 cells, appeared to act as another axonal targeting signal in hippocampal neurons.
The serotonin-1A (5-HT 1A R) and serotonin-1B (5-HT 1B R) receptors are two G-protein-coupled receptors. These serotonin (5-hydroxytryptamine, 5-HT) receptors belong to the 5-HT 1 family showing a high affinity for serotonin, are negatively coupled with adenylyl cyclase, and share 43% identity in their amino acid sequences, mainly within the transmembrane domains (Barnes and Sharp, 1999) . Neuronal functions of these receptors depend on their localization. Whereas the 5-HT 1A R modulates the firing of serotonergic neurons in the raphe nuclei (Haj-Dahmane et al., 1991) , the 5-HT 1B R participates in a local control of serotonin release from axon terminals in their projection areas (Engel et al., 1986) . Their distribution, investigated by specific radioligand binding, in situ hybridization, and immunohistochemistry, showed a good colocalization of the mRNA and the protein for the 5-HT 1A R (Miquel et al., 1991; Pompeiano et al., 1992) , whereas in contrast, the 5-HT 1B R appeared to be localized in different areas compared with its mRNA (Boschert et al., 1994; Doucet et al., 1995) . Immunocytochemistry at the electron microscope level confirmed that the 5-HT 1A R is localized on the soma and dendrites of neurons (Kia et al., 1996; Riad et al., 2000) , whereas the 5-HT 1B R is in preterminal unmyelinated axons (Sari et al., 1999; Riad et al., 2000) throughout the rat CNS.
We first investigated the origin of the differential targeting of the 5-HT 1A and 5-HT 1B receptors by expressing them in polarized epithelial Lilly Pork Kidney (LLC-PK1) cells. Indeed, Dotti and Simons (1990) made the hypothesis that epithelial cells and neurons share common mechanisms of protein targeting, with the apical domain being the equivalent of axons and the basolateral domain corresponding to the soma and dendrites, respectively. Previous studies showed that the 5-HT 1B R stayed in a Golgi-like intracellular compartment in both LLC-PK1 cells (Langlois et al., 1996) and Madin-Darby canine kidney II (MDCKII) cells (Ghavami et al., 1999) . In contrast, the 5-HT 1A R was targeted mainly to the basolateral domain of the plasma membrane in LLC-PK1 cells and to both its apical and basolateral domains in MDCKII cells. Subsequent analysis of the targeting of chimeras of 5-HT 1A R and 5-HT 1B R in LLC-PK1 cells revealed that the 5-HT 1B R and all the chimeras containing its third intracellular domain (I3) were localized in the Golgi apparatus (Darmon et al., 1998) , suggesting that this domain was responsible for intra-Golgi sequestration. In addition, the different localization of two chimeras that differ in their C-terminal portion suggested that a specific targeting signal was located in the C-terminal portion of the 5-HT 1A R and/or 5-HT 1B R.
In the present study, we have constructed new chimeras and truncated receptors to identify the targeting signals of the 5-HT 1A R and/or 5-HT 1B R. Chimeras were expressed by stable transfection in LLC-PK1 cells. We have, in addition, compared their targeting with that observed in another expression system: primary cultures of rat hippocampal neurons cocultured with glial cells. These neurons were transfected with plasmids containing the cDNAs of the 5-HT 1A R, 5-HT 1B R, or 5-HT 1A R/5-HT 1B R chimeras. Their targeting in axons and/or dendrites was visualized by immunofluorescence and analyzed by confocal microscopy.
MATERIALS AND METHODS
Materials. Antibodies used to detect rat 5-HT 1A R (El Mestikaw y et al., 1990) and 5-HT 1B R (Langlois et al., 1995) have been described previously. Both are polyclonal rabbit antibodies directed against peptides located within the third intracellular domain of the receptors. Mouse monoclonal microtubule-associated protein 2 (M AP2) antibody is the AP20 clone (Roche, Meylan, France), and mouse monoclonal neurofilament 200k (N F200k) antibody corresponds to the RT97 clone (Roche) that recognizes a phosphorylated form of N F200k.
LLC-PK1 cell culture and primar y cultures of hippocampal neurons. LLC-PK1 cells were grown essentially as described previously (Darmon et al., 1998) in DM EM supplemented with 10% fetal bovine serum. Stably transfected clones were selected in the presence of 1.25 mg /ml G418 and maintained in 0.4 mg /ml G418 (Life Technologies, C ergy Pontoise, France). Neuronal cultures were performed essentially as described by Goslin et al. (1998) with some modifications. Hippocampi of rat embryos were dissected at day 17-18. Dissociation was achieved after trypsiniza-tion, with a Pasteur pipette. C ells were counted and plated on poly-Llysine-coated 12-mm-diameter coverslips, at a density of 60,000 -75,000 cells per 16 mm dish (300 -375 per square millimeter), in complete Neurobasal medium supplemented with B27 (Life Technologies), containing 1 mM L-glutamine, 25 M ␤-mercaptoethanol, and penicillin G (10 U/ml)-streptomycin (10 mg /ml). Four hours after plating, the coverslips were transferred to a confluent plate of glial cells and maintained for 24 hr in complete Neurobasal medium. The medium was partially changed every 3-4 d.
Construction of chimeric receptors. The chimeras A to F are those described by Darmon et al. (1998) . Truncated receptors deleted in the C -terminal tail were constructed by insertion of a stop codon, by PCR using two complementary oligonucleotides containing the mutation. Only the sense oligonucleotides are listed below, with the mutated nucleotides as bold letters and the stop codon underlined. The name of each oligonucleotide contains the position of the stop codon in the nucleotide sequence of the rat 5-HT 1A R (Albert et al., 1990) and 5-HT 1B R (Hamblin et al., 1992) . The chimera 1ActB was constructed by PCR by using a hybrid oligonucleotide (Oligo 1ActB) containing a 3Ј priming sequence corresponding to the 5-HT 1B R (italics) and the 5Ј sequence corresponding to the 5-HT 1A R (bold), and conversely for the other chimera 1BctA. The corresponding amino acid sequences are indicated in parentheses: Oligo 1A⌬1320, CCG-GTTATTTGAGC TTATTTCAAC (PV Istop) for the truncated 1A⌬400; Oligo 1A⌬1345, TTCAACAAAGACTAGCAAAACGC (F N K Dstop) for the truncated 1A⌬407; Oligo 1B⌬1580, CCCCATCATCTGAACCAT-GTCCAATG (PIIstop) for the truncated 1B⌬365; Oligo 1B⌬1605, CAAT-GAGGACTAGAAACAAGCATT (N EDstop) for the truncated 1B⌬372; Oligo 1ActB, GCT TAT T TCA ACA A AGACT T TAAACAAGCAGCATTC-CATAAAC (AY FNK DKQAFHKLI ); and Oligo 1BctA, ACCATGTCCAAT-
The mutations were confirmed by sequencing the whole coding sequence. Insertion was made in the same pCB6 vector as that used for the former chimeras (Darmon et al., 1998) .
Transfection. Transfection was performed with the cationic polymer polyethyleneimine (PEI) (25 kDa; Aldrich, Saint Quentin Fallavier, France), which complexes the anionic charges of the DNA (Lambert et al., 1996) . In the present case, 1 l of 0.1 M PEI solution contained 100 nmol of amine charges and complexed 33 g of DNA. In our hands, neurons were not transfectable until 3 d after plating. Neutralization of the anionic charges of the different DNA preparations by the cationic polymer PEI was tested by complexation with different amounts of PEI, to determine the amount of PEI that completely complexed 1 g of DNA and prevented its migration in agarose gel (Martres et al., 1998) . This amount was named the PEI charge equivalent. An efficient transfection occurred only when a threefold to sixfold PEI charge equivalent was used for complexation. For our DNA constructs, four different transfections were performed with a threefold, fourfold, fivefold, or sixfold PEI charge equivalent, and the best conditions of transfection were analyzed by immunofluorescence and confocal microscopy. DNA (1 g) and PEI were each diluted in 50 l of Neurobasal medium without B27 supplement. The PEI solution was added to the DNA dilution, mixed, and left for 10 min at room temperature. The complex was then mixed with 900 l of complete Neurobasal medium, and 450 l of the resulting dilution was immediately added to the wells containing the coverslip of neurons that had been removed from the glial plate. Transfection lasted 4 hr at 37°C. The previous medium removed from the glial plate was added back to the neurons and left for 2 d until the immunofluorescence experiments.
Indirect immunofluorescence. For neurons, immunofluorescence was performed from 8 to 15 d after plating and always 2 d after transfection. For L LC -PK1 cells, stably transfected clones were grown on coverslips up to 7 d after confluency. Coverslips were washed twice with PBSϩ (PBS containing 0.1 mM CaCl 2 and 0.1 mM MgC l 2 ) and fixed with 4% paraformaldehyde in PBSϩ, and, after three washes of 10 min in PBSϩ, they were incubated for 1 hr in antibody buffer [3% bovine serum albumin, 2% normal donkey serum, 2% normal goat serum (Interchim, Montluçon, France), and 0.3% Triton X-100 in PBSϩ]. Incubation with the primary antibodies was performed in the antibody buffer for 2 hr at room temperature. After three washes of 10 min with PBSϩ, incubation with the secondary antibodies proceeded for 1 hr. The secondary antibodies used were C Y3-conjugated donkey anti-rabbit Ig (1:1000 dilution; Interchim) and either C Y2-conjugated (1:400; Amersham, Les Ulis, France) or Alexa 488-conjugated (1:1000; Interchim) goat anti-mouse Ig. The coverslips were finally mounted in Fluoromount-G solution (C linisciences, Montrouge, France). Immunofluorescent images were generated using a Leica (Rueil-Malmaison, France) TC S-400 laser scanning confocal microscope. Contrast and brightness were chosen to ensure that all pixels were within linear range. Images are the product of eightfold line average. The x-z sections were produced using a 0.2 m motor step. For double-labeling experiments, pictures were generated using Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA). For each construct, the transfection in neurons was performed at least three times, and at least 10 neurons were analyzed with confocal microscopy each time. One representative neuron was chosen for the figures.
Cell surface biotinylation e xperiments. Transfected cells were grown for 7 d after confluency on 24-mm-diameter filter inserts (Transwell; pore size, 0.45 m; Costar, C ambridge, M A) and biotinylated at either side as described previously (Darmon et al., 1998) . Proteins were separated by electrophoresis, transferred to nitrocellulose, and probed with 5-HT 1A R antibodies at 1:1000. After incubation with anti-rabbit antibodies coupled to horseradish peroxidase, revelation was performed with the ECLϩ kit (Amersham), and detection of the fluorescent product was performed using a Fuji (Raytest, Courbevoie, France) FL A 2000 Phosphoimager, with excitation at 473 nm and emission at 520 nm. Linearity of detection is within a range of 0 -100 with this apparatus.
RESULTS

Truncated 5-HT 1A R and 5-HT 1B R are confined intracellularly in LLC-PK1 cells
Previous studies on the mechanisms responsible for the differential targeting of 5-HT 1A R/5-HT 1B R chimeras in LLC-PK1 cells suggested that inclusion of the last two transmembrane domains and the cytosolic tail of the 5-HT 1A R (chimera D) (Table 1) or of the 5-HT 1B R (chimera E) in their sequence led to a basolateral or an apical targeting, respectively (Darmon et al., 1998) . First, we determined whether truncation of the cytosolic C-tail after the seventh transmembrane domain of 5-HT 1A R or 5-HT 1B R could redirect by default their apical or basolateral localization because of the deletion of a targeting signal. In contrast to the basolateral localization of the 5-HT 1A R (Fig. 1 A) or the Golgi-like intracellular localization of the 5-HT 1B R ( Fig. 1 B) , large amounts of the truncated 5-HT 1A R and 5-HT 1B R (Table 1) were detected intracellularly in LLC-PK1 cells transfected with the corresponding plasmids. Figure 1C shows that truncated 5-HT 1A R (1A⌬400) is retained in the endoplasmic reticulum (ER) of transfected cells and proceeds no further. Similarly, the truncated 5-HT 1B R, 1B⌬365, failed to reach the cell surface and remained intracellularly in a compartment that resembles the ER (Fig. 1 D) but, in addition, seems to be located in large vesicles. This truncated receptor could not yield stable transfection, and the transient transfected cells might synthesize excessive amounts of the protein that are stored in lysosomes for degradation. Indeed, double labeling with a Golgi marker did not show colocalization (data not shown), suggesting that these vesicles did not belong to the Golgi apparatus. Previously, chimera B was found to be localized in the endoplasmic reticulum and did not exhibit any binding properties in experiments with selective radioligands of each receptor. On Western blot, the corresponding protein appeared to be nonglycosylated (Darmon et al., 1998) . Apparently, the truncated receptors had the same localization as chimera B. The intracellular localization of truncated 5-HT 1A R and 5-HT 1B R may reflect an unstable structure that does not exit from the ER. These results suggest that 5-HT 1A R and 5-HT 1B R are excluded from the plasma membrane in the absence of their cytosolic tail. Because truncation was made at the very limit of the seventh transmembrane domain, some destabilization of the latter domain might have occurred. Accordingly, new deletion mutants of 5-HT 1A R (1A⌬407) and 5-HT 1B R (1B⌬372) were constructed (Table 1) . These mutants lacked the C-terminal domain but kept a few amino acids beyond the seventh transmembrane domain. In that case too, the resulting truncated receptors failed to reach the plasma membrane ( Fig. 1 E, F ) .
The cytosolic C-terminal domain of 5-HT 1B R addresses the 5-HT 1A R/5-HT 1B R chimeras to the apical domain in LLC-PK1 cells
We substituted the cytosolic tail of 5-HT 1B R in the 5-HT 1A R and vice versa. The first type of 5-HT 1A R/5-HT 1B R chimera was constructed in such a way that the 15 amino acids of the 5-HT 1B R tail were joined just after the 5-HT 1A seventh transmembrane domain. The resulting chimeric receptor 1ActB was then stably transfected in LLC-PK1 cells. Immunofluorescence of 1ActB-expressing cells visualized in the x-y plane revealed a punctate immunostaining (Fig. 1G ). This typical staining characterizes epithelial microvilli and indicates that 1ActB chimera was localized at the apical domain. Confocal z-cut analysis confirmed a predominant apical localization of chimeric 1ActB receptor (Fig. 1 I) . This result showed that substitution of the 5-HT 1A R tail for that of 5-HT 1B R redirected the basolateral 5-HT 1A R to the apical pole. Binding experiments with [
3 H]alnespirone (Fabre et al., 1997) showed that this chimera could bind the specific agonist of 5-HT 1A R (data not shown).
In the same way, we explored the existence of a putative sorting signal in the cytosolic tail of 5-HT 1A R by creating the reverse mutant 1BctA consisting of the native 5-HT 1B R fused to the 5-HT 1A R cytosolic tail (Table 1) . However, 1BctA chimera gave no stable transfected clone, despite several transfection experiments. This chimera presented a clearly intracellular retention in LLC-PK1 cells transiently transfected with the 1BctA encoding sequence (Fig. 1 H) . Probably, synthesis of 1BctA is immediately followed by removal and degradation before any plasma membrane insertion.
To quantify the targeting of 1ActB chimera, the same clonal cell line as that used in immunofluorescence experiments was grown on Transwell filters and biotinylated at either apical or basolateral surface. Biotinylated proteins were precipitated by streptavidin agarose, separated by PAGE, and detected on a nitrocellulose membrane with 5-HT 1A R-specific antibodies. As expected, 1ActB appeared to be targeted predominantly to the apical surface of LLC-PK1 cells (Fig. 2 A) . Quantification yielded values three times 
Targeting of the chimeras in LLC-PK1 cells and neurons
Schematic diagrams of 5-HT 1A R/5-HT 1B R chimeras primary structures with 5-HT 1A R sequence shown in black and 5-HT 1B R sequence shown in gray. Chimeras A-F were previously constructed by combining three cassettes corresponding to (1) the first five TM domains, (2) the third intracellular domain, and (3) the last two TM domains and the cytoplasmic tail (Darmon et al., 1998) . The truncated receptors were constructed by replacing the triplet of the amino acid indicated in the truncated receptor name by a stop codon. The chimeras 1ActB and 1BctA correspond to the entire receptors in which the small cytoplasmic tails have been exchanged between the two receptors. The targeting is resumed as it appeared predominantly in: LLC-PK1 cells, apical, basolateral, or Golgi; ER, endoplasmic reticulum; nf, nonfunctional, i.e., do not yield either stable or transient transfection. For neurons, somatodendritic means that the localization was restricted to the soma and dendrites, and axonal means that in addition to dendrites, the axon was labeled. higher for apical than basolateral biotinylation (Fig. 2 B) . In contrast, biotinylation of the 5-HT 1A R was larger at the basolateral surface (Fig. 2 A, B) , whereas tail-out (1A⌬400, 1A⌬407, 1B⌬365, and 1B⌬372) and 1BctA tail-swapped mutants having no plasma membrane localization could not be labeled by the biotinylation procedure (data not shown).
Polarized targeting of 5-HT 1A R and 5-HT 1B R in hippocampal neurons
Hippocampal neurons were transfected with the same plasmids as those used in LLC-PK1 cells. In this cell culture derived from immature pyramidal cells of embryos at embryonic day 18 (E18), our 5-HT 1B R antibodies did not detect any labeling in nontransfected neurons, suggesting that, at this stage, pyramidal neurons do not yet express the 5-HT 1B R. A weak signal in the soma of few neurons was detected with our 5-HT 1A R antibodies, suggesting that the expression of 5-HT 1A R may begin earlier than that of 5-HT 1B R when pyramidal neurons are not yet differentiated into CA1, CA2, and CA3 cell types. Figure 3 shows the detection of 5-HT 1A R and 5-HT 1B R 2 d after transfection (i.e., 15 d after plating), using a double-labeling procedure. The labeling of 5-HT 1A R (Fig. 3A, red) showed a good colocalization with MAP2 labeling ( green), in accordance with its predominant localization in dendrites. Accordingly, this expression system enabled us to visualize an appropriate targeting of the 5-HT 1A R with respect to its localization in the CNS, i.e., a dendritic targeting and an axonal exclusion. Neurons transfected with the 5-HT 1B R showed a labeling of the axon, as revealed by the double labeling with NF200k antibody (Fig. 3D) . The double labeling with MAP2 antibody (Fig.  3C) confirmed that, in addition to the axon, dendrites were labeled with 5-HT 1B R antibodies. These observations indicate that the 5-HT 1B R followed an axonal targeting, without dendritic exclusion. These results are in accordance with those obtained for metabotropic glutamate receptors expressed from recombinant viral vector in primary cultures of hippocampal neurons (Stowell and Craig, 1999) . Indeed, metabotropic glutamate receptor 1 (mGluR1) and mGluR2 (like the 5-HT 1A R) were found to exhibit a dendritic targeting with an axonal exclusion, whereas mGluR7 (like the 5-HT 1B R) was characterized by a dominant axonal targeting in addition to a dendritic localization. Accordingly, this culture system reproduces the differential targeting of receptors in axons but not in dendrites and can be used to identify axonal but not somatodendritic targeting signals. Dendritic localization of the 5-HT 1B R could be attributable to overexpression resulting from the strong promoter present in the plasmid used for transfection. However, Jareb and Banker (1998) addressed this question about neurons infected by recombinant viruses and showed that there was no significant correlation between the level of expression and the degree of polarization for any of the apical proteins that they studied.
The third intracellular domain of the 5-HT 1B R plays different roles in receptor targeting in epithelial cells and neurons
To better characterize the targeting signals of 5-HT 1A R and 5-HT 1B R in hippocampal neurons, we tested the targeting of some chimeras of these receptors that were already used in our study using LLC-PK1 cells (Darmon et al., 1998) . Table 1 shows a summary of the chimeras and their previous localization in LLC-PK1 cells, as well as some new chimeras, which we have constructed to delineate some potential targeting signals. Our previous study had shown that the third intracellular domain was responsible for the 5-HT 1B R localization in the Golgi apparatus (chimeras A and F) of LLC-PK1 cells. In addition, a chimera containing the C-terminal domain of the 5-HT 1B R (chimera E) was targeted to the apical domain of these cells, suggesting the existence of an apical targeting signal in the 5-HT 1B R. On the other hand, the chimera D that contains the C-terminal of the 5-HT 1A R was targeted to the basolateral domain of LLC-PK1 cells.
The targeting of chimeras A, E, and F in neurons is illustrated in Figure 4 . In contrast to what was observed in LLC-PK1 cells, the three chimeras A, E, and F exhibited the same targeting in neurons. For the three chimeras, the dendrites were labeled (illustrated here only for the chimera E), as revealed by the double labeling with MAP2 antibody (Fig. 4C) . In addition, a long axon labeled with the 5-HT 1B R and NF200k antibodies, but not with MAP2 antibody, confirmed the targeting of these chimeras to the axon (Fig. 4 A, B,D) . These observations showed that these three chimeras presented an axonal targeting in addition to a dendritic localization.
For the chimera D (Fig. 3B) , we observed the same type of labeling as for the 5-HT 1A R: a dendritic targeting with an axonal exclusion. The labeling of the dendrites matched perfectly the labeling by MAP2 antibody. The two constructs that were either nonfunctional in LLC-PK1 cells, chimera C, or restricted to the ER, chimera B, were also nonfunctional in neurons or were restricted to an inner compartment within the cell body (Fig. 5A) , respectively.
The cytoplasmic C-terminal domain of the 5-HT 1B R addresses the 5-HT 1A R/5-HT 1B R chimeras to the axon of hippocampal neurons
To investigate the respective roles of the last two transmembrane segments and the intracellular C-terminal domain, we first studied the targeting of the different constructs of 5-HT 1A R and 5-HT 1B R deleted in their C-terminal moiety. In Figure 5 are shown the chimeras B and 1BctA, as well as the truncated receptors 1A⌬400 and 1B⌬365. All these constructs, like the 1BctA chimera, were restricted to an intracellular compartment within the cell body of neurons similar to what was observed in LLC-PK1 cells. The truncated 1B⌬365 showed a weak signal in the proximal dendrites (Fig. 5C) , which can correspond to its localization in the endoplasmic reticulum in dendrites. This result strengthens the hypothesis of a misfolding of the protein when the truncation in the cytosolic C-terminal domain is too close to the exit of the seventh transmembrane domain from the plasma membrane. In contrast, the chimera 1ActB exhibited an axonal localization as shown in Figure  6 . Indeed, the axon, clearly identified as a thin and long neurite labeled by 5-HT 1A R antibodies, was not labeled by MAP2 antibodies (Fig. 6 A) but was labeled by NF200k antibodies (Fig. 6 B) , therefore suggesting that an axonal targeting signal was located in Axonal targeting of chimera A, chimera F, and chimera E in cultured hippocampal neurons. Confocal immunofluorescence detection of chimera A ( A), chimera F ( B), and chimera E (C, D) in transfected hippocampal neurons. These three chimeras exhibit an axonal targeting visualized by a long and thin neurite in red (CY3-conjugated anti-rabbit antibodies) and labeled by NF200k antibody in green (arrow) (A, B, D, Alexa 488-conjugated anti-mouse antibodies). This axonal targeting is confirmed in a double-labeling experiment with the MAP2 dendritic marker, which shows in addition to a double labeling of dendrites, a long and thin neurite labeled only with the antibodies directed against the 5-HT 1B R for the chimeras A and F and against the 5-HT 1A R for the chimera E ( C). An arrowhead shows a labeled terminal or a growth cone that is frequently detected with the chimera E ( D). Scale bars, 10 m.
the small cytoplasmic C-terminal domain of the 5-HT 1B R. Interestingly, this same sequence allowed an apical targeting in LLC-PK1 cells (Fig. 1G,I ). Together, these results suggest the existence of two axonal targeting signals in the 5-HT 1B R, one in the C-terminal domain and the other one in the third intracellular domain. The comparison of the results obtained in LLC-PK1 cells suggests that these signals do not function in the same way in epithelial and neuronal cells.
DISCUSSION
All of these experiments showed that the cytosolic C-terminal domain of the 5-HT 1B R, when substituted for that of the 5-HT 1A R, can address the 5-HT 1A R to the apical domain of LLC-PK1 cells and to the axon of hippocampal neurons, suggesting that the 5-HT 1B R exhibits an apical-axonal targeting signal. In addition, comparison of the targeting of various chimeras in LLC-PK1 cells and neurons suggests that the second axonal targeting signal located in the third intracellular domain of the 5-HT 1B R is not recognized as an apical targeting signal in LLC-PK1 cells.
In the present study, the 5-HT 1A R and 5-HT 1B R without their C -terminal domains were confined intracellularly in both epithelial cells and neurons. These observations suggest that recombinant receptors require their short C -terminal tail for the preservation of their three-dimensional structure and correct folding. Many natural and artificial mutations have already been observed to result in ER retention because they affect protein folding or oligomerization (Klausner and Sitia, 1990) . For example, the betaine transporter with a short deletion in C-terminal fails to reach the cell surface (Perego et al., 1997) . The E-cadherin protein when truncated in its C-terminal domain also exhibits an ER localization (Chen et al., 1999) .
Previous studies on 5-HT 1A R/5-HT 1B R chimeras (Darmon et al., 1998) showed that the last two transmembrane domains and the cytosolic C-terminal tail of either 5-HT 1A R or 5-HT 1B R include a targeting signal. The apical localization of the chimera 1ActB in LLC-PK1 cells suggests that this signal is restricted to the cytosolic C-terminal tail of one or the other receptor. Unfortunately, the intracellular localization of truncated receptors does not help to understand the apical localization of the chimera 1ActB. Is it attributable to a dominant apical targeting signal in 5-HT 1B R or to a dominant basolateral targeting signal in 5-HT 1A R, disrupted by the substitution and leading to the use of an apical default pathway? Limitations of this epithelial model prompted us to study the targeting of these polytopic neuronal proteins in cultured neurons.
Transfections of the 5-HT 1A R and 5-HT 1B R in primary cultures of hippocampal neurons showed that the 5-HT 1A R was targeted to the dendrites with an axonal exclusion, whereas the 5-HT 1B R showed an axonal targeting in addition to a dendritic localization. The fact that a membrane-bound protein such as the 5-HT 1B R was present in dendrites in addition to its axonal targeting has also been shown in the same culture system for the mGluR7 receptor (Stowell and Craig, 1999) and for the GABA transporter GAT-3 (Ahn et al., 1996) , which are both localized in axons in the CNS. For the targeting of the 5-HT 1B R, this culture system is more appropriate than the LLC-PK1 cell line because the receptor is actually inserted within the plasma membrane of cultured neurons, whereas it is confined to intracellular compartments in the latter cells. However, in contrast to that expected from the subcellular localization of 5-HT 1B R in the CNS, its axonal localization is not accompanied by a dendritic exclusion in transfected neurons. At the adult stage, pyramidal neurons from CA1, CA2, and CA3 areas express naturally the 5-HT 1A R mRNA (Miquel et al., 1991) , but only CA1 pyramidal neurons express the 5-HT 1B R mRNA (Neumaier et al., 1996) . However, at E18, when fetal tissues are taken for setting up the primary cultures, the CA1 and CA3 neurons are not yet differentiated and may not possess the machinery for a dendritic exclusion of the 5-HT 1B R. This would explain why 5-HT 1B R in transfected hippocampal neurons was addressed in both the axon and the somatodendritic compartment under our experimental conditions. Furthermore, because all types of neurons expressing 5-HT 1A R and/or 5-HT 1B R throughout the CNS have obviously not yet been examined at a subcellular level, it cannot be excluded that the sorting of these receptors might be different in different types of neurons and at different stages of differentiation.
Interestingly, the chimera D, which exhibited a basolateral localization in the LLC-PK1 cells, shows a dendritic localization like that observed for the 5-HT 1A R. This chimera, which contains the third intracellular and C-terminal domains of the 5-HT 1A R, could exhibit a targeting signal in one or the other domain that restricts the localization to the somatodendritic compartment. However, the chimeras A and F that have the C-terminal domain of 5-HT 1A R or the chimera E that has the I3 domain of the 5-HT 1A R are targeted to the axon, thus ruling out the hypothesis of a dominant somatodendritic targeting restriction signal in either domain. Data concerning the chimeras E and 1ActB show that they are both targeted to the axon of hippocampal neurons. These results support the idea that the localization of the 5-HT 1B R in the axon is probably attributable to a dominant targeting signal located in the C-terminal tail of the 5-HT 1B R. Both chimeras are also apical in LLC-PK1 cells, thus strengthening the hypothesis that the apical targeting signal can also be implicated in axonal targeting. In addition, the two constructs that were restricted to the Golgi apparatus in LLC-PK1 cells, i.e., chimeras A and F, are now targeted to the axon. These two chimeras have in common the third intracellular loop of the 5-HT 1B R, thereby suggesting the existence of another axonal targeting signal in this portion of the sequence. Interestingly, this second axonal targeting signal is revealed when the C-terminal one is absent. In LLC-PK1 cells, this signal was not recognized as an apical one and led to an intracellular localization, probably because of the lack of a specific targeting protein present in neurons and absent in LLC-PK1 cells.
The existence of two targeting signals in the same protein has already been reported for the low-density lipoprotein receptor (Matter et al., 1992) , suggesting that proteins can have redundant signals. Here the difference of targeting between epithelial cells and neurons concerning the third intracellular domain further emphasizes the limits of the use of epithelial cells as a model for studying the targeting of polytopic neuronal proteins. The previous hypothesis that LLC-PK1 cells lack addressing proteins that interact with the targeting signal located in the third intracellular domain is therefore strengthened by these novel data. All of these results together suggest that the machinery responsible for the apical targeting may be different from that responsible for the axonal targeting. This hypothesis has already been suggested by Jareb and Banker (1998) , who concluded from the targeting of various monotopic epithelial proteins expressed in neurons that the targeting of basolateral and dendritic proteins depends on common mechanisms, whereas the sorting of proteins to the axon requires signals that are not present in apical proteins. Indeed, the epithelial system appears to be useful to underline some important features in a given sequence (for example, the cytosolic tail of 5-HT 1B R). However, the Golgi sequestration of the 5-HT 1B R would not have been emphasized without the comparison with the axonal localization in neurons. In any case, comparison of the targeting between neurons and epithelial cells (Dotti and Simons, 1990) has some limits, and we could have to shift to another model as suggested by Colman (1999) , who proposed that the axons and dendrites correspond in fact to the same epithelial compartment, the basolateral one, and that the differential sorting between axons and dendrites relies on mechanisms different from those used between the apical and the basolateral domain.
The role of the C-terminal sequence in the targeting of polytopic proteins in neurons has already been suggested by other studies. Indeed, Poyatos et al. (2000) have shown that two dileucine motifs in the cytosolic C-terminal tail of the glycine transporter GLYT1 can play a role in its basolateral-somatodendritic localization. An axonal targeting signal has been described in the C-terminal sequence of polytopic proteins such as the GABA transporter GAT-3 (Muth et al., 1998) and the metabotropic glutamate receptor mGluR7 (Stowell and Craig, 1999) . The existence of an apical sorting signal in the cytoplasmic tail of rhodopsin has also been shown (Chuang and Sung, 1998) . However, our study is the first one to show that an apical targeting signal can also be used as an axonal signal. No identity could be detected between the peptidic sequence of the cytoplasmic tail of the 5-HT 1B R and those of mGluR7, GAT-3, or rhodopsin. No target motif for a PDZ (postsynaptic density/Discs large/zona occludens-1) protein (Niethammer et al., 1996) could be found either. Indeed, the 5-HT 1B R is a presynaptic receptor that modulates the release of neurotransmitters (5-HT, ACh, and GABA . . . ), and we can suggest that the mechanisms of targeting differ for presynaptic versus postsynaptic receptors or transporters. PDZ proteins play a role in the clustering of postsynaptic proteins, and we can imagine that another family of proteins is involved in the axonal and/or presynaptic targeting. Cytoplasmic domains may play a major role in the targeting of polytopic proteins expressed in neurons by interacting with some specific targeting proteins specialized for the differential targeting in axons and terminals, in opposition with dendrites and postsynaptic densities. One important step in these studies will be to isolate specific sorting proteins that interact with the C-terminal sequence of the rat 5-HT 1B R.
